We have previously presented a microelectromechanical system (MEMS) based viscometric sensor for continuous glucose monitoring using protein Concanavalin A (Con A). To address its drawbacks, including immunotoxicity and instability issues, we have synthesized stable, biocompatible copolymers poly(acrylamide-ran-3-acrylamidophenylboronic acid) (PAA-ran-PAAPBA) for viscosity based glucose sensing. We found that PAA-ran-PAAPBA showed very high binding specificity to glucose. Several key factors such as polymer compositions, polymer molecular weights and polymer concentrations have been investigated to optimize viscometric responses. This polymer is able to detect glucose under physiological pH conditions in a reversible manner. Therefore, it has the potential to enable a highly reliable, continuous monitoring of glucose in subcutaneous tissue using the MEMS device.
Introduction
About 21 million people in the U.S. and 171 million worldwide suffer from diabetes mellitus. A continuous glucose monitoring (CGM) device allows timely detection of abnormal glucose levels and enables active intervention by taking carbohydrates or injecting insulin, which has been shown to reduce the risk of diabetes-related complications. 1 Currently, the affinity glucose sensing is most commonly based on the reversible binding of glucose to concanavalin A (Con A), a glucose-specific lectin. The system has excellent specificity, as there are no other sugars at significant concentration levels in blood serum that might interfere with Con A binding. [2] [3] [4] For example, Con A based affinity glucose sensors have been fabricated using a solution of Con A and fluorescently labeled dextran. Glucose binding to Con A was detected via the resulting fluorescence change. This approach has been further investigated in vitro and in vivo, and there are active efforts to develop optimized fluorescence-based sensors. 2, [5] [6] [7] [8] [9] [10] [11] [12] To enhance the reliability of affinity based sensors, sensors with fully electronic readout via viscosity measurement have been reported. [13] [14] [15] [16] [17] We recently developed a microelectromechanical (MEMS) viscometric sensor, which was aimed for the continuous monitoring of glucose levels in diabetes patients. 18 The device shown in Figure 1a featured a magnetically driven vibrating microcantilever, which was situated in a microchamber and separated from the environment by a semi-permeable membrane. Glucose sensing was based on affinity binding principles using a solution of dextran and Con A as the sensing fluid. The glucose concentration was determined by detecting viscosity changes induced by the binding of glucose to Con A through measurement of the cantilever's vibration parameters. While our device represented a first step toward an implantable MEMS sensor that was miniaturized and afforded the excellent stability, there were significant safety concerns with the toxicological properties of Con A. For instance, Con A is known to stimulate enhanced immunogenicity 19, 20 and to induce antigen-specific cellular cytotoxicity. 21, 22 The stability of Con A is another problem. Although native dimeric Con A is fairly stable, removal of metal ions (Ca 2+ and Mn 2+ ) will lower its stability considerably. 23 To address these concerns, new biocompatible sensing liquids for viscometric glucose sensing are highly desired.
It is well-known that boronic acid binds reversibly to diols to form a cyclic boronic ester in aqueous media, 24 while a tridentate complex was formed when a second aromatic boronic acid was bound to glucose (Scheme 1). 25 It was also found that 3-pyridinylboronic acid were able to form such kind of 1:2 complex with glucose by 11 B NMR. 26 In general, the boronic acid is a biocompatible functional group with low cytotoxicity and low immunogenicity. 27 Therefore, considerable research interests have been attracted to develop a variety of glucose sensors through different sensing mechanisms in polymers. For example, fluorescent changes because of photoelectron transfer, fluorescence resonance energy transfer, or internal charge change have been used to build fluorescent sensors. 25, 28 Asher et al. introduced the use of polymerized crystalline colloidal array for colorimetric detection of glucose. 29 Lei et al. reported a thinfilm wireless pressure sensor using a phenylborate based hydrogel, which could bind with glucose, resulting in swelling. 30 Arnold et al. reported preliminary data from a conductometric sensor with a boronic acid immobilized in a hydrogel, whose binding to permeated glucose changed the ionic concentration conductivity, resulting in the change of conductivity. 31 Recently, the Zhou and Hoare groups developed a poly(N-isopropylacrylamide) copolymer microgel sensor for glucose based on the volume change caused by the repulsion of the boronate groups. 32, 33 Kumar et al. showed improved potentiometric sensing capability using enzymatic polymerized self-doped copolymer of poly(aniline-co-3-aminobenzeneboronic acid). 34 In this paper, we report the development of a stable, biocompatible boronic acid based polymeric sensing fluid that can be used in MEMS affinity glucose sensors. 18 In our design, the polymeric sensing fluid consists of PAA-ran-PAAPBA and physiological phosphate buffer saline (PBS) at pH 7.4. Introduction of hydrophilic PAA segments can improve the water solubility of the copolymer, 35 as well as possibly provide the additional neighbor coordinating effect via carbonyl oxygen and boron chelating to enhance the binding of boronic acid to carbohydrates. 36, 37 Experimental Section , sodium azide, sodium chloride, potassium phosphate monobasic, and potassium phosphate dibasic were purchased from Sigma-Aldrich, Inc. Nanopure water was purified by Milli-Q Ultrapure system purchased from Millipore Corporation.
Preparation of Monomer N-3-Acrylamidophenylboronic Acid (AAPBA). Monomer AAPBA was synthesized adopting similar conditions to the reference. 38 3-Aminophenylboronic acid (5 g, 36.5 mmol) was dissolved in NaOH solution (2 M, 73 mL, 146 mmol) at 0°C. Cold acryloyl chloride (5.9 mL, 73 mmol) was added dropwise to the vigorously stirred mixture over 15 min. HCl solution (1 M) was slowly added to the reaction mixture until the pH reached 1.0. A lot of white solids precipitated, which were filtered and washed by cold water. The filtrate was extracted with EtOAc three times. The organic phase was washed with brine and evaporated to give off-white solids, which were combined with the above precipitates. Recrystallization in H 2 O afforded 5.0 g off-white AAPBA crystals (yield: 72% Preparation of PAA-ran-PAAPBA. A typical free radical polymerization was conducted as following: acrylamide (3.72 g, 52.4 mmol), AAPBA (0.20 g, 2 mmol), and 2,2′-azodiisobutyronitrile (AIBN, 21.5 mg, 0.13 mmol) were dissolved in DMSO. The mixture was bubbled by nitrogen for half an hour, and subjected to 70°C oil bath for 24 h. After it was cooled to room temperature, the gel was subjected to dialysis against nanopure water for 24 h. The aqueous phase was precipitated by acetone and dried in vacuum oven to give 3.07 g white solids (Yield: 78%). A series of polymer with different percent compositions were prepared and characterized by 
Scheme 1. Interaction of Boronic Acid and D-Glucose
decoupling and a spinning rate of 10 kHz.
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B NMR (160.5 MHz, solid) for a typical polymer: δ 25 ppm (a broad peak).
Control polymer polyacrylamide-ran-N-phenylacrylamide (PAA-ran-PNPAA) was prepared and characterized in the similar way.
1 H NMR (300 MHz, D 2 O): δ 7.3 (bm, 5H, ArH), 2.07 (bm, 1H, OdCCH-), 1.50 (bm, 2H, -CH 2 -). The viscosity of the copolymers was measured by Ubbelohde viscometer in 0.12 M NaCl at pH 6.0 at 25°C. 40 According to the formula for polyacrylamide, the weight-average molecular weights (M w ) of PAA-ran-PAAPBA polymers were calculated from their intrinsic viscosities
The experimental results were summarized in Table 1 . Typical Sensing Reversibility Experiment. Polymer 3 (124 mg) was dissolved in PBS (4 mL) to give the blank polymer solution viscosity. Glucose (20 mg) was added to measure the cross-linked mixture viscosity. Then the mixture was subjected to dialysis against copious fresh PBS buffer (400 mL) through a SnakeSkin Pleated Dialysis membrane (MWCO 3500) overnight with PEG8000 (18.0 g) to prevent volume increase due to osmotic effect. More PBS buffer was added to the viscometer to keep the solution volume same as 4 mL.
Results and Discussions
We started to prepare the glucose sensing fluid with the monomer synthesis (Figure 1b) . Monomer AAPBA was prepared in a yield of 72%, much higher than those found in the references, 38,41-46 using our modified method where more product was recovered using ethyl acetate to extract the acidic aqueous filtrate. The control monomer NPAA was prepared with a yield similar to that in the reference. 39 Copolymers PAAran-PAAPBA with various PAAPBA contents were synthesized through classic free radical solution polymerization of acrylamide and AAPBA. 40 We confirmed the presence of trigonal boron in polymer using solid state 11 B NMR technique by the presence of a broad peak centered at δ 25 ppm. Monomers like acrylamide are known highly toxic. For the sake of biosafety concerns, at the end of reaction the radical polymerization mixture was scheduled to dialysis through a semi-permeable membrane of MWCO 3500 Dalton against pure water to remove water soluble unreacted acrylamide and other small oligomers. The possible residue and less water soluble AAPBA were dissolved in acetone and filtered away during the polymer precipitation process.
Due to the possible binding between boronic acid and polar stationary phase like silica of aqueous gel permeation chromatography, their weight-average molecular weight were calculated based on their intrinsic viscosities obtained under similar conditions used by Galaev et al. 40 Because the polymers were polyacrylamide analogs, the Mark-Houwink parameters for polyacrylamide were used in the calculation. A variety of free radical polymerization conditions were tested, among which we discovered that the polymer molecular weight was not under direct control by the ratio of initiator to monomers (Table 1) . It was observed that polymerization with 0.25 molar ratio of the initiator to acrylamide gave the best results with reproducible copolymer composition and higher molecular weight. The final percent composition of PAAPBA segment could be determined by 1 H NMR through the integration ratio of the aromatic protons to methylene and methine protons, which was fairly consistent with the initial molar ratio before polymerization (Table 1) . However, when the molar ratio of AAPBA to acrylamide was more than 8:100 in the monomer mixture, it was very difficult to generate polymers with high molecular weights, likely due to the low solubility of the final polymers.
Conventional Ubbelohde capillary viscometer was employed to measure the kinematic viscosity property of our polymer solutions at room temperature 25°C, which was converted to viscosity because the polymer solution density was approximately the same as water. To make sure of the accuracy of fluid viscosity response, multiple measurements were taken for each data point, where the errors were all within 2% range that may be due to possible temperature fluctuations and human errors (Figure 2a ). After the polymer was dissolved in phosphate buffer saline (PBS, pH 7.4, 150 mM NaCl, 0.05% NaN 3 ) that mimics the physiological pH conditions, the polymer solution was loaded into the viscometer, followed by addition of different amounts of glucose for varying glucose concentrations. The viscosity values became steady within minutes (data not shown), which showed little variations even after hours, suggesting that the system quickly reached an equilibrium state. This rapid response made the polymer a desirable alternative to Con A for detection of glucose.
To find an ideal polymer concentration for glucose sensing, various amounts of polymer 1 were added to a solution of 15 mM glucose (Figure 2a ). The viscosity increased parabolically when polymer concentration increased as shown by the experimental curve. Normally, at low polymer concentration range, the solution viscosity should have increased linearly as the theoretical dash line. The deviation shown here could be attributed to the increasing cross-linking of polymer by glucose. When the concentration of polymer was 44.4 mg/mL, the increment of viscosity upon addition of glucose reached 9.6 cP that has fallen into the detecting range from 8.7 to 43.4 cp of our MEMS device. 18 Due to the limited solubility of these polymers in PBS buffer, it was difficult to get the solution with a concentration higher than 44.4 mg/mL. Polymer 2, prepared using 100:2:0.25 molar ratio of acrylamide to AAPBA to initiator, was used to study the viscosity response with different amount of glucose. As shown in Figure 2b , at the polymer concentration of 44.4 mg/mL, the solution viscosity increased gradually from 10.1 cP (without glucose) to 18.8 cP at which the glucose concentration was 200 mM, and then slowly declined to 17.8 cP at 500 mM glucose. When the polymer concentration was 22.2 mg/mL, the viscosity change over glucose concentration from 0 to 500 mM was almost negligible. This result suggested that only at a high concentration the polymer would have significant response to glucose. Therefore, in all the following studies except the reversibility experiment, the concentration of polymers was fixed at 44.4 mg/mL.
The glucose binding in response to the composition of the polymer was further tested using polymers 2-4, which were synthesized using 2, 5, and 8% molar ratios of AAPBA, respectively. As shown in Figure 2c , the viscosity of all boronic b Polymerization comonomer is AAPBA, except for polymer 5, which is NPAA.
c The weight-average molecular weight was measured by viscometry.
d The percent composition was calculated by the integration ratio of the aromatic protons to methylene and methine protons using 1 H NMR spectroscopy.
acid grafted polymers (2-4) increased gradually along with the increment of the glucose concentration. In particular, the viscosity of polymer 3 increased sharply from 12.0 to 34.5 cP as the glucose concentration increased from 0 to 9 mM, which was comparable to that of Con A system used in our previous MEMS device. 18 Polymer 4 also showed significant response to glucose additions; however, it turned blurry when the concentration of glucose was higher than 10 mM, suggesting that glucose caused a significant amount of cross-linking and agglomeration. In the same glucose range, the control polymer 5 (using NPAA instead of AAPBA as the monomer) without phenylboronic acid group showed no obvious change. It was noticed that the molecular weights of the polymers had a big impact on the viscosity response. Though its PAAPBA percentage 4.7% was almost half that of polymer 4 (8.7%), with its higher molecular weight 130K Da that is almost twice that of 4 (57K Da), polymer 3 boosted the viscosity more significantly than its counterpart. It was also found that PAAPBA percentage in the polymers had direct correlations with the viscosity response. Of similar weight, however, higher PAAPBA percentage, 3 showed more intense response to glucose than 2 did. In other words, the higher percentage of PAAPBA in the polymer, the more viscous the polymer and glucose mixture was, and the more sensitive the polymer was to recognize glucose. However, there was a limitation of percentage of PAAPBA that could be incorporated in the copolymer. If the molar ratio of AAPBA and acrylamide used in the initial polymerization was over 8:100, no water soluble polymer could be synthesized. It was observed that, with ∼5% of PAAPBA segment in the polymer, it gave a clear solution as well as the best reproducibility in the viscosity measurement. Therefore, polymer 3 was used in the following experiments.
Compared to the enzymatically polymerized poly(aniline-co-3-aminobenzeneboronic acid) by Kumar et al. that showed high sensitivity but poor selectivity over saccharides, 34 this sensing fluid showed an unexpected high specificity toward glucose. Figure 2d shows that when the concentration of various monosaccharides increased from 0 to 25 mM, little viscosity increases were observed for polymer 3 with fructose, galactose, and mannose, that is, ∼1 cP differences were observed, which were much less than the viscosity response to glucose, ∼22.5 cP. It also shows the interactions of different disaccharides including cellobiose, lactose, and sucrose with polymer: 3:0 cP for cellobiose, 1.2 cP for lactose, and 1.0 cP for sucrose. Again, no apparent increments of viscosities were observed, indicating that the polymers could not be cross-linked with those disaccharides.
Moreover, reversibility experiments showed that the response of the fluid to glucose was reversible. The concentration of polymer 3 was lowered to 31 mg/mL to detect the viscosity response to 25 mM glucose. The blank polymer solution showed a viscosity of 6.4 cP. After addition of glucose, the viscosity was bumped up to 20.4 cP. Upon dialysis against PBS buffer, its viscosity significantly dropped to 5.4 cP, suggesting that removal of glucose led to the dissociation of the cross-linking network and resulted in lower viscosity. This kind of response was reversible, as shown in Figure 3 . Although the increment amplitudes were slightly different, which was presumably due to the loss of polymer on the dialysis device, the reproducibility of glucose responses were fully validated overall.
These experiments revealed a completely different sensing mechanism than Con A system. Previous Con A viscometric affinity glucose sensor was based on the competitive binding of dextran and free glucose to Con A, where the viscosity was provided by the cross-linked Con A and dextran mixture. 18 In this study, the copolymer PAA-ran-PAAPBA showed extremely high specificity toward glucose. When other monosaccharides or disaccharides were tested in the experiments, no viscosity responses were observed. Thus, there must be some sort of crosslinking or structural change among the polymer chains upon contact with glucose. It is well-known that interactions of phenylboronic acid moieties with amino functionalities in orthoposition of the same phenyl ring enhance the binding of sugars to the boronic acid because of a chelating effect between B and N atoms. 25, 37 However, similar interaction seems weaker between weak Lewis base of amide nitrogen and boron, likely due to the weaker electron donating effect of amide nitrogen. 47, 48 Therefore, it is more likely that sugar binding was augmented by the interaction involving the carbonyl oxygen coordination to the boron open shell as in ortho-carbonyl oxygen and boron, 36, 37 in addition to hydrogen bond formation between the N-H group and the oxygen on the boronic acid moiety, which were observed in aliphatic amidoboronic acids. 49 Therefore, the introduction of polyacrylamide can potentially enhance glucose binding via a B-O chelating. In addition, it helped increasing the water solubility of hydrophobic PAAPBA segments. Statistically, there are about twenty hydrophilic acrylamide units per one hydrophobic AAPBA unit on the polymer backbone. The amphiphilic polymer is dissolved in PBS solution and would behave like a surfactant. The detail glucose sensing mechanism is still under investigation. Nevertheless, from mechanistic standpoint, the sensing would most likely proceed via the synergistic interaction between the phenylboronic acid moieties on the polymer backbone and glucose at the ratio of two to one (Scheme 1), 25, 26 which induce the crosslinking that causes an increase in the solution viscosity. This whole cross-linking process is completely reversible because of the reversibility of the formation of borate esters. When the environmental glucose concentration decreases, the equilibrium would shift to left according to Le Chatelier law. Dissociation of the glucose would break the cross-linked network and reduce the viscosity.
It is well-known that temperature have strong impact on the fluid viscosity. We have observed that the sensing fluid viscosity decreased when temperature increased because of the high molecule mobility, however still maintained sufficient sensing capability. At physiological temperature, lower fluid viscosity will be expected. This temperature effect will be further studied and published elsewhere. In our future studies with MEMS, we will also give strict control on temperature to mimic physiological conditions and study the sensing performance of this fluid.
Conclusions
A novel glucose selective polymeric sensing fluid based on direct binding was successfully developed. The polymer was easy to be prepared through free radical polymerization. This sensing fluid eliminated the usage of Dextran, simplifying the sensing system and lowering the cost. Its sensitivity to glucose was strongly dependent on the polymer molecular weight and percent composition of boronic acid monomer in copolymer and the polymer concentration. Through proper adjustment of the molecular weight and percent composition of the boronic acid segment in the polymer and the polymer concentration, the sensing fluid was able to detect and differentiate glucose from other monosaccharides and disaccharides. Furthermore, the binding of the polymer with glucose showed good reversibility. Unlike proteins, synthetic polymers are more stable for applications under physiological conditions. They do not require any activation metal ions (unlike Con A), therefore, they can be used under different physiological environments. Currently, we are trying to apply this fluid to MEMS affinity sensors that will potentially enable highly reliable, continuous monitoring of glucose in subcutaneous interstitial fluid. Though polyacrylamide and boronic acid were biocompatible and safe to use, toxicity effects of this polymer are unclear at this point, and toxicity studies will be performed in future to ensure biosafety in the future application in continuous glucose monitor in vivo. Moreover, further control of the polymer structures can be achieved by controlled free radical polymerization of acrylamide in water such as reversible addition-fragmentation chain transfer (RAFT) reaction as well as other living polymerization methods [50] [51] [52] to optimize the response sensitivity.
